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Abstrat
There are no upper limits on the possible number of massive, singlet (righthanded)
neutrinos that may partiipate in the seesaw mehanism, and some string onstru-
tions motivate seesaw models with up to O(100) righthanded neutrinos. In this ase,
the seesaw mass sale an be signiantly higher than that in the traditional sheme
with just 3 righthanded neutrinos. We onsider the possible phenomenologial impli-
ations of suh models, in partiular, for lepton-avour violation and eletri dipole
moments. Sine the neutrino masses depend on the Majorana mass sale linearly,
while supersymmetri loop orretions depend on it logarithmially, the magnitude
of lepton-avour- and CP-violating transitions may inrease with the multipliity of
the righthanded neutrinos and may be enhaned by orders of magnitude. We also
point out that, in the ontext of leptogensis, the bounds on the reheating tempera-
ture and the lightest neutrino mass get relaxed ompared to those in the ase of 3
righthanded neutrinos.
1 Introdution
The seesaw mehanism is arguably the most attrative way to explain the smallness
of neutrino masses [1℄- [4℄. In its onventional form, the seesaw invokes 3 heavy sin-
glet (righthanded) neutrinos νR. However, the number 3 is not sared. On the one
hand, the 2 nonzero lightneutrino mass dierenes required by experiment ould be
explained with just 2 heavy righthanded neutrinos. On the other hand, 3 nonzero
masses ould be explained with the partiipation of any number N ≥ 3 righthanded
neutrinos. From the bottomup perspetive, there are no experimental onstraints
on the number of righthanded neutrinos. For example, sine they are singlets of the
Standard Model (SM) gauge group, their presene below the GUT sale would not
perturb the uniation of the SM gauge ouplings. It is ertainly possible, and even
appears quite plausible, that suh SM singlets do not follow the family pattern of the
SM fermions.
Spei examples of senarios with many righthanded neutrinos are provided by
string models, and some reent string onstrutions motivate seesaw models with up
to O(100) righthanded neutrinos [5℄, [6℄. The reason is that string models ontain
abundant SM singlets that often have (nonrenormalizable) ouplings to the SM lep-
ton doublets and large Majorana masses, whih are the ingredients neessary for the
seesaw mehanism. This is just one of many senarios that motivates a generalization
of the onventional seesaw to models with many righthanded neutrinos.
In this Letter, we explore some of the phenomenologial features of suh senarios.
Speially, we omment that the seesaw mass sale may rise to larger values than
in minimal shemes, that the magnitudes of lepton-avour- and CP-violating eets
may inrease, and that leptogenesis bounds on the reheating temperature and the
lightest neutrino mass may be relaxed.
2 Formulating the Seesaw with many Right
Handed Neutrinos
The supersymmetri seesaw mehanism is desribed by the superpotential (see e.g. [7℄)
W = Y ije φ
d eiℓj + Y
ij
ν φ
uNiℓj +
1
2
MjkNj Nk , (2.1)
where φu,d and ℓi (i = 1, 2, 3) are the Higgs and lepton doublets, ei are the harged
SU(2)singlet leptons and Nj (1 ≤ j ≤ n) are some heavy Standard Model (SM)
singlets with Majorana mass terms Mjk. The Yukawa ouplings form an n×3 matrix,
while the Majorana mass terms form an n × n matrix. The resulting eetive mass
matrix for the lefthanded neutrinos is given by
Meff = − (v sin β)2 Y Tν M−1 Yν ≡ −
(v sin β)2
M∗
S , (2.2)
2
where v = 174GeV, tan β is the ratio of the Higgs VEVs, M∗ is the eetive seesaw
sale and S is a 3× 3 texture whose largest entry is of order one.
As we now disuss, low-energy physis is quite sensitive to the number of right
handed neutrinos n partiipating in the seesaw mehanism. In partiular, the eetive
seesaw mass sale M∗ may depend on n:
M∗ ∝ n−x , (2.3)
where 0 ≤ x ≤ 2 is a funtion of the texture. We onsider the following limiting ases
(in a partiular basis dened, for example, by the FroggattNielsen harges):
(1) all entries of M and Yν ontribute oherently to Meff with similar magnitudes,
so that M∗ ∝ n−2;
(2) the magnitudes of the dierent entries of M , Yν are similar, but the omplex
phases are random
1
, so that M∗ ∝ n−1;
(3) only a limited number of righthanded neutrinos provide signiant ontribu-
tions, so that M∗ ∝ n0.
Typial realisti senarios orrespond to intermediate situations. For instane,
if M is approximately diagonal with similar eigenvalues and all the Y ijν are similar
in magnitude but have arbitrary phases, M∗ ∝ n−1/2. As a spei example, we
note that the stringy model of Ref. [5℄ orresponds to x between 0 and 1.
In most ases, the masses of the lefthanded neutrinos grow with n. Therefore,
in order to keep them at the same values as in the onventional seesaw with 3 right
handed neutrinos, one has either to inrease the Majorana masses or to derease the
Yukawa ouplings. These possibilities dier in their phenomenologial impliations.
Consider, for simpliity, an MSSM senario with universal soft supersymmetry-
breaking salar masses at the GUT sale, as motivated by minimal supergravity
(mSUGRA), omplemented by suh a seesaw with n righthanded neutrinos. The
renormalization-group (RG) running between the GUT sale and the sale at whih
the heavy neutrinos deouple that is due to the neutrino Yukawa ouplings indues
additional avourviolating soft terms [8℄,
m2
l˜
=
(
m2L m
2 †
LR
m2LR m
2
R
)
mSUGRA
+
(
δm2L δm
2 †
LR
δm2LR 0
)
, (2.4)
where m2
l˜
is the slepton mass-squared matrix. These orretions are given by [9℄- [14℄
δm2L ≃ −
1
8π2
(3m20 +A
2
0) Y
†
ν LYν ,
1
In this ase, the dependene of M∗ on n is obtained using the random walk result that
N∑
i=1
(−1)ai ∼
√
N ,
where ai is a random integer.
3
δm2LR ≃ −
3A0v cos β
16π2
YlY
†
ν LYν . (2.5)
Here Lij ≡ ln(MGUT/Mi) δij with Mi being the heavy neutrino mass eigenvalues.
We rst note that the dependene on the Majorana masses is only logarithmi.
Thus, inreasing the sale of the Majorana masses does not aet these orretions
signiantly. On the other hand, Y †ν Yν in general grows with the multipliity of the
heavy neutrinos, plausibly as a power law. Therefore, ignoring the logarithmi piee,
we have
δm2L , δm
2
LR ∝ ny , (2.6)
where the power 0 ≤ y ≤ 1 depends on the texture. In the extreme ase of n oherent
ontributions, y = 1 2; for a ase with random phases, y = 1/2; nally, y = 0 when
only a few heavy neutrinos ontribute signiantly. Clearly, avourviolating eets
are expeted to be enhaned, in general. In partiular, the branhing ratio for radiative
li → ljγ deays [9℄, [11℄,
Γ(li → ljγ) ∝ α3m5li
|(δm2L)ij |2
m˜8
tan2 β , (2.7)
where m˜ haraterizes the typial spartile masses in the loop and α is the ne
struture onstant, is enhaned by n2y whih an be a large fator (up to 4 orders of
magnitude)
3
.
Alternatively, if instead of inreasing the sale of the Majorana masses, one de-
reases the Yukawa ouplings, no enhanement of leptonavourviolating (LFV) is
expeted, in general. This is beause Meff and δm
2
L,LR both depend on Yν quadrati-
ally.
3 Phenomenologial Constraints
The requirement of perturbativity restrits the magnitude of the loop orretions,
whih translates into
(Y †ν Yν)ij
4π2
,
(Y †ν LYν)ij
4π2
≤ O(1) . (3.1)
This is a rather weak onstraint and leaves open the possibility that some entries of
Y †ν LYν ould be as large as 10. We note that there are no (very) large logarithms in
the loop orretions sine the seesaw sale is quite high.
2
Unlike in Eq.(2.3), here we work in the basis where the Majorana mass matrix is diagonal. Thus,
there are n ontributions in the sum whih we assume to be similar in magnitude in this basis. Note that
the basis hange may, in the ase of many νR's, hange the orders of magnitude of the ouplings.
3
We also note that, sine Y †
ν
Yν is larger than in the usual ase, the presene of many righthanded
neutrinos improves the MSSM gauge oupling uniation at two loops [15℄.
4
The main onstraints are imposed by the leptonavourviolating branhing ratios
[16℄- [18℄
BR(µ→ eγ) < 1.2 × 10−11 ,
BR(τ → eγ) < 1.2× 10−7 ,
BR(τ → µγ) < 6.8 (4.5) × 10−8 . (3.2)
Supersymmetri avourviolating eets an be expressed in terms of the mass in-
sertions δLR ≡ δm2LR/m2 and δLL ≡ δm2L/m2 [19℄, where m is the average slepton
mass, suh that [20℄
BR(li → ljγ) =
∣∣∣ξ1 δijLL + ξ2 δijLR∣∣∣2 + (L↔ R) . (3.3)
Here ξ1,2 are funtions of SUSY masses whose expliit form is given in Ref. [20℄. For
eletroweaksale spartile masses, the resulting onstraints on the mass insertions
are [20℄: ∣∣δ12LL∣∣ < few × 10−3 , ∣∣δ12LR∣∣ < 10−6 ,∣∣δ13LR∣∣ < 10−2 , |δ23LR| < 10−2 . (3.4)
By means of Eq.(2.5), these bounds are translated at low tan β into
(Y †ν LYν)12 < 0.1 , (3.5)
with the other entries being essentially unonstrained.
The interpretation of this onstraint depends strongly on the magnitudes of the
Yukawa ouplings and the details of the texture. For smaller Yukawa ouplings, the
number of RH neutrinos an be very large. However, for ouplings of order unity,
only a few RH neutrinos are allowed, unless there are anellations. In general, even
though (Y †ν LYν)12 is rather small, other matrix elements an be signiant and lead
to observable eets.
4 CPViolating Phases and Eletri Dipole Mo-
ments
The Yukawa ouplings and the Majorana mass terms are in general omplex, leading
in general to CP violation. The number of physial CPviolating phases in the high
energy theory an be determined by parameter ounting. Initially, Ye has 9 omplex
phases, Yν has 3n phases, and M has n(n + 1)/2 phases. On the other hand, the
avour rotation symmetry
Ul × Ue × UN , (4.1)
5
ating as
Ye → U †e Ye Ul ,
Yν → U †N Yν Ul ,
M → U †N M U∗N , (4.2)
allows one to eliminate some of these phases by eld redenitions. We note that Ul
and Ue ontain 6 phases eah, while UN has n(n+ 1)/2 phases
4
. Thus, this avour
rotation leaves 3(n− 1) physial phases, whih we an identify expliitly in a spei
basis. Consider the basis where
Y e = real diagonal ,
M = real diagonal ,
Y ν = arbitrary . (4.3)
This basis is dened only up to a diagonal phase transformation
Ul = Ue = diag(e
iφ1 , eiφ2 , eiφ3) , (4.4)
whih ats on the neutrino Yukawa ouplings as Y ijν → Y ijν eiφj . The physial phases
are invariant under this residual symmetry and are given by
Arg
(
Y ijν Y
kj ∗
ν
)
, (4.5)
(where no summation over j should be understood). Clearly, there are exatly 3(n−1)
suh phases, and eah one may play the role of a Jarlskog invariant (see [21℄, [22℄
for a disussion).
Complex phases in the neutrino Yukawa ouplings indue CPviolating phases in
the soft terms due to the RG running, whih in turn ontribute to lepton eletri
dipole moments (EDMs) at low energies [23℄- [27℄. The relevant avour objets are
the 3×3 matries Y †ν Yν and Y †ν LYν , suh that [23℄, [27℄
di ∝
[
Y †ν Yν , Y
†
ν LYν
]
ii
, (4.6)
where di is the EDM of the i-th harged lepton. This expression is proportional to
Im [Y jkν Y
j′k ∗
ν Y
j′i
ν Y
ji ∗
ν Lj
′
] (no summation over i) whih makes it lear that only
the reparametrizationinvariant phases (4.5) are involved. Sine the summation over
n RH neutrinos appears twie, the EDMs grow as
di ∝ n2y . (4.7)
Thus, they may be enhaned by several orders of magnitude in the multineutrino
ase.
4
In the pure Dira ase, one of these phases is irrelevant sine an overall phase redenition leaves all
avour objets invariant.
6
At large tan β, a dierent avour struture appears [26℄, [27℄, namely:
di ∝ Im
(
Y †ν fYν m
2
l Y
†
ν gYν
)
ii
, (4.8)
where f, g are diagonal matries depending on the Majorana masses and ml are the
harged lepton masses. The onlusion, however, remains the same, and the EDMs
grow with the multipliity of the states as di ∝ n2y.
The order of magnitude of the indued EDMs an be estimated using [27℄:
di ∼ 10−29
(
200 GeV
MSUSY
)2(mli
me
)
(Y †ν Yν)
2
ii e cm , (4.9)
where we have taken ln(Mi/Mj) = O(1) and CPviolating phases that are of order
unity. The urrent experimental limit on the eletron EDM of 10−27 e m is saturated
for (Y †ν Yν)11 ∼ 10 if the superpartners of SM partiles have masses at the eletroweak
sale. For large tan β, the above expression aquires an additional fator (tan β/10)3
whih leads to a further enhanement of the EDMs.
It is important to remember that these estimates are very sensitive to other CP
violating phases. For example, if the phase of the µterm is as small as 10−4−10−5, it
will dominate the SUSY ontributions to the EDMs (for a reent disussion, see [28℄).
5 Numerial Example
In this Setion, we illustrate the multineutrino senario with a numerial example.
We suppose that, in the basis where the harged lepton mass matrix is diagonal and
positive, the mass matrix for the light neutrinos is given by
Meff =


0.003 0.003 0.003
0.003 0.028 −0.022
0.003 −0.022 0.028


in eV units. This mass matrix has eigenvalues (0.05, 0.01, 0) eV and is diagonalized
by a tri-bimaximal [29℄ PMNS transformation. In our onvention, the (1,1) entry of
Meff orresponds to the τneutrino, (2,2)  to the muon neutrino and so on.
We onsider two seesaw realizations of this light-neutrino mass matrix: one with
10 righthanded neutrinos and another with 2 righthanded neutrinos. The orre-
sponding heavy-neutrino mass matries are generated randomly under the onditions
that the Yukawa ouplings be of order one and that most of the entries of M−1 be
similar in magnitude, while reproduing the orret Meff . For simpliity, we hoose
real matries.
In the ase of 10 righthanded neutrinos, the inverse Majorana mass matrix M−1
7
is given by
5

2.1 −1.58 0.02 0. 0.02 0.92 0.15 3.17 0.22 1.65
−1.58 0.13 5.09 0.14 −0.33 3.51 −0.16 −0.35 −3.41 1.61
0.02 5.09 0.83 −0.09 2.85 −0.97 −0.91 2.4 −0.25 4.45
0. 0.14 −0.09 −4.19 −3.79 1.11 −1.03 0.45 −1.5 2.79
0.02 −0.33 2.85 −3.79 −4.6 −0.12 −4.42 1.91 −0.45 −0.31
0.92 3.51 −0.97 1.11 −0.12 0.25 0.35 0.41 0.74 2.58
0.15 −0.16 −0.91 −1.03 −4.42 0.35 −3.07 2.61 2.24 −2.64
3.17 −0.35 2.4 0.45 1.91 0.41 2.61 1.9 4.51 −0.15
0.22 −3.41 −0.25 −1.5 −0.45 0.74 2.24 4.51 4.91 0.33
1.65 1.61 4.45 2.79 −0.31 2.58 −2.64 −0.15 0.33 2.15


in units of −3.3×10−16 GeV−1, where we have assumed sin β ≈ 1. The orresponding
Yukawa ouplings Y Tν are

0.51 0.06 −0.32 0.32 −0.83 −0.36 1.23 0.41 −0.35 0.48
0.37 0.1 1.36 0.62 −0.82 −0.66 0.06 −0.02 −0.78 0.11
−0.09 0.89 0.13 −0.55 0.08 −0.25 −0.04 0.68 0.11 −1.1

 .
The Majorana mass eigenvalues are Mi =(2.6, 2.7, 3.1, 4.0, 5.0, 8.1, 9.3, 10.5, 18,
58)×1014 GeV with the geometri average sale 7.2×1014 GeV. In the basis where the
Majorana mass matrix is diagonal, the Yukawa ouplings remain of order one.
In the ase of 2 righthanded neutrinos, we nevertheless use a 3×3 matrix notation,
keeping in mind that M−1 has rank two, so that only two righthanded neutrinos
ontribute. We take
M−1 =


11.28 −8.82 21.86
−8.82 6.91 −17.21
21.86 −17.21 44.39


in units of −3.3× 10−16 GeV−1, and
Y Tν =


−0.02 −1.19 −0.43
0.83 −0.66 −0.88
0.54 0.39 0.13

 .
The Majorana mass eigenvalues are Mi =(0.5, 56)×1014 GeV with the geometri
average sale 5.2×1014 GeV.
As expeted, the Majorana mass sale is somewhat higher in the rst ase,
while the Yukawa ouplings are similar in magnitude. For the omparison of their
leptonavour- and CPviolating eets, the relevant quantity is Y †ν LYν , where
L = diag[ln(MGUT/Mi)]. Ignoring the RG running of Yν [30℄, we have
Y †ν LYν =


7.47 −0.39 −1.65
−0.39 9.77 −0.58
−1.65 −0.58 8.4


5
More preise numbers are available from the authors.
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for the 10 righthanded neutrinos ase and
Y †ν LYν =


0.67 1.19 0.15
1.19 2.37 0.01
0.15 0.01 0.29


if there are 2 righthanded neutrinos. Here, as before, the (1,1) entry orresponds to
the τ -τ matrix element and so on.
We nd that not all of the entries are enhaned by the same fator in the 10
righthanded neutrino ase, but the phenomenologial onsequenes are dramati!
For example, the τ → eγ branhing ratio inreases by a fator of 100 ompared to
the 2 righthanded neutrino ase, while that for µ→ eγ is enhaned by a fator of 103.
This result is of ourse spei to the above texture, however it is generally true that
the leptonavourviolating transitions are more signiant in the multineutrino
ase. Although here we have onsidered a CPonserving Ansatz, similar statements
apply in general to the EDMs as well. Sine the magnitudes of the diagonal entries
inrease by fators of 10 or so, the insertion of CP phases of order unity would result
in inreases of EDMs by two orders of magnitude.
The above example illustrates the main features of the multineutrino senario.
This partiular, the 10 righthanded ν texture would be onsistent with the BR(µ→
eγ) onstraint only for slepton masses of ∼ 500 GeV or more. The orresponding
preditions for BR(τ → eγ) and BR(τ → µγ) are at the 10−10 − 10−11 level. For
low tan β and CPviolating phases of order unity, the eletron EDM is expeted to
be of order 10−29 em and the muon EDM a fator of 102 larger. Thus, the most
promising observables for this texture would be BR(µ → eγ) and de (see [31℄ for a
disussion of the experimental prospets). These avourdependent eets would be
aentuated further for more righthanded neutrinos.
6 Comments on Leptogenesis
A number of features of leptogenesis [32℄ with many righthanded neutrinos have
been studied by Eisele in Ref. [33℄. Here we disuss only a few of the most important
dierenes of this senario ompared with the standard sheme
6
.
The outofequilibrium deay of the lightest righthanded neutrino reates a lep-
ton asymmetry
ηL =
nN + nN˜
s
ǫ δ , (6.1)
where n and s are the number and entropy densities, respetively; δ is the washout
parameter haraterizing the fration of the lepton asymmetry surviving the washout
6
Reent reviews of leptogenesis an be found in Ref. [34℄.
9
eets, and ǫ is the CPviolating asymmetry:
ǫ =
Γ− Γ
Γ + Γ
, (6.2)
with Γ being the deay rate of the singlet righthanded neutrino into light leptons
plus the Higgs boson, and Γ being the deay rate for the CPonjugate proess. In
the ase of hierarhial Majorana masses, the CP asymmetry is dominated by the
deays of the lightest singlet, and
ǫ1 ≃ − 3
8π
M1
〈φu〉2
Im
[
YνM
†
eff
Y Tν
]
11[
YνY
†
ν
]
11
, (6.3)
where M1 is the lightest Majorana mass. Davidson and Ibarra have derived an upper
bound on ǫ1 in the 3× 3 ase [35℄. Here we onsider the orresponding bound in the
multineutrino senario. Working in the basis where Meff is diagonal and real, we
rst note that the asymmetry is maximized for Y 2
1i = i|Y1i|2. Then, the relevant ratio
satises∑
imi|Y1i|2∑
i |Y1i|2
≤ m3 , (6.4)
where m3 is the mass of the heaviest lefthanded neutrino. The maximum is ahieved
for Y11, Y12 = 0. Thus, we obtain a generalized bound for an arbitrary number of
righthanded neutrinos:
|ǫ1| ≤ 3
8π
M1
〈φu〉2 m3 . (6.5)
This is idential to the weaker version of the DavidsonIbarra bound in [35℄, whih
was also found in Ref. [36℄. For the 3 × 3 ase, a stronger bound is valid, whih is
obtained from the above expression by replaing m3 with m3−m1. This stronger form
does not apply to the n × n ase, and one an onstrut examples with Y11,12 = 0,
Arg(Y13) = π/4 whih saturate (6.5). Tehnially, this happens beause the Casas
Ibarra parametrization [11℄ involving orthogonal matries does not apply to n × 3
Yukawa ouplings
7
.
Thus, only the weaker version of the DavidsonIbarra bound holds in the general
ase. Needless to say, this distintion is only relevant for a degenerate lightneutrino
spetrum. In the 3×3 ase, the bound on ǫ tightens as the overall sale of light neutrino
masses inreases beause m3−m1 ≃ ∆m2atm/2m3. For many righthanded neutrinos,
the only relevant bound is (6.5) whih relaxes as m3 inreases. This inequality an
be interpreted as a lower bound on M1, whih in turn implies a lower bound on the
reheating temperature Treh [35℄. If we take m3 ∼ 0.5 eV, the DavidsonIbarra bound
on Treh relaxes by an order of magnitude
8
,
Treh ≥ 107 − 109 GeV . (6.6)
7
The n× 3 matrix R entering the CasasIbarra parametrization satises RTR = 1 but not RRT = 1.
8
For systemati studies of bounds on Treh, see [37℄, [38℄.
10
This ameliorates somewhat the problems of gravitino overprodution [39℄ and moduli
destabilization at high temperature [40℄.
Another interesting onsequene of the multiνR senario is the relaxation of the
osmologial bound on the lightest neutrino mass m1. The requirement of outof
equilibrium deay of the lightest righthanded neutrino
9
[42℄, Γ1 < H|T≃M1 , implies
m˜1 = (YνY
†
ν )11
〈φu〉2
M1
≤ 5× 10−3 eV . (6.7)
In the 3× 3 ase, m1 ≤ m˜1 (see, for example, [43℄, [35℄). In the multiνR ase, this is
no longer true, sine m1 reeives n ontributions, m1 ∝ (Y Tν Yν/M1)11, and one an
easily have m1 > m˜1. Thus, the onstraint on the lightest neutrino mass is relaxed.
We see that the presene of more than 3 righthanded neutrinos disrupts the usual
relations between the light neutrino masses and leptogenesis. In the above arguments,
we have made the usual assumption that the lightest νR dominates in leptogenesis.
We have assumed that the extra νR's play a passive role, in the sense that they do
not ontribute to leptogenesis, yet aet the light neutrino masses.
Further possible eets of many righthanded neutrinos have been disussed in
Ref. [33℄. These inlude, for example, the possibility that more νR's are responsible
for leptogenesis. Suh eets an be studied on a model-by-model basis.
7 Conlusions
We have explored some of the phenomenologial features of the seesaw mehanism
with many righthanded neutrinos. Suh a generalization is allowed by the absene
of experimental onstraints on the number of heavy righthanded neutrinos, and is
motivated by string onstrutions. We nd that, in suh models, the Majorana mass
sale an be signiantly higher than that in the traditional sheme with 3 right
handed neutrinos, and have demonstrated with a spei example that the magni-
tudes of leptonavour and CPviolating transitions an be enhaned by orders of
magnitude. We also nd that ertain onstraints on leptogenesis are sensitive to the
number of νR and an be relaxed. This applies, in partiular, to the bounds on the
reheating temperature and the lightest neutrino mass.
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This requirement is lifted in the strong washout regime. See [41℄ for a disussion and the neutrino
mass bounds.
11
Referenes
[1℄ P. Minkowski, Phys. Lett. B 67, 421 (1977).
[2℄ T. Yanagida, In Proeedings of the Workshop on the Baryon Number of the
Universe and Unied Theories, Tsukuba, Japan, 13-14 Feb 1979.
[3℄ M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors And Unied The-
ories, In Supergravity, P. van Nieuwenhuizen and D.Z. Freedman (eds.), North
Holland Publ. Co., 1979.
[4℄ R. N. Mohapatra and G. Senjanovi, Phys. Rev. Lett. 44, 912 (1980).
[5℄ W. Buhmuller, K. Hamaguhi, O. Lebedev, S. Ramos-Sanhez and M. Ratz,
Phys. Rev. Lett. 99, 021601 (2007) [arXiv:hep-ph/0703078℄.
[6℄ For earlier string models with many singlets, see I. Antoniadis, J. R. Ellis,
J. S. Hagelin and D. V. Nanopoulos, Phys. Lett. B 205 (1988) 459; Phys. Lett.
B 208 (1988) 209 [Addendum-ibid. B 213 (1988) 562℄; Phys. Lett. B 231 (1989)
65. For eldtheoreti models, see J. Shehter and J. W. F. Valle, Phys. Rev.
D 22, 2227 (1980).
[7℄ R. N. Mohapatra and A. Y. Smirnov, Ann. Rev. Nul. Part. Si. 56, 569 (2006)
[arXiv:hep-ph/0603118℄; A. Strumia and F. Vissani, arXiv:hep-ph/0606054;
R. N. Mohapatra et al., arXiv:hep-ph/0510213; J. W. F. Valle, J. Phys. Conf.
Ser. 53, 473 (2006) [arXiv:hep-ph/0608101℄.
[8℄ F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986).
[9℄ J. Hisano and D. Nomura, Phys. Rev. D 59, 116005 (1999)
[arXiv:hep-ph/9810479℄.
[10℄ J. R. Ellis, M. E. Gomez, G. K. Leontaris, S. Lola and D. V. Nanopoulos, Eur.
Phys. J. C 14, 319 (2000) [arXiv:hep-ph/9911459℄.
[11℄ J. A. Casas and A. Ibarra, Nul. Phys. B 618, 171 (2001)
[arXiv:hep-ph/0103065℄.
[12℄ F. Deppish, H. Pas, A. Redelbah, R. Rukl and Y. Shimizu, Eur. Phys. J. C
28, 365 (2003) [arXiv:hep-ph/0206122℄.
[13℄ T. Blazek and S. F. King, Nul. Phys. B 662, 359 (2003) [arXiv:hep-ph/0211368℄.
[14℄ S. T. Petov, W. Rodejohann, T. Shindou and Y. Takanishi, Nul. Phys. B 739,
208 (2006) [arXiv:hep-ph/0510404℄.
[15℄ J. A. Casas, J. R. Espinosa, A. Ibarra and I. Navarro, Phys. Rev. D 63, 097302
(2001) [arXiv:hep-ph/0004166℄.
[16℄ M. L. Brooks et al. [MEGA Collaboration℄, Phys. Rev. Lett. 83, 1521 (1999)
[arXiv:hep-ex/9905013℄.
12
[17℄ B. Aubert et al. [BABAR Collaboration℄, Phys. Rev. Lett. 96, 041801 (2006)
[arXiv:hep-ex/0508012℄.
[18℄ B. Aubert et al. [BABAR Collaboration℄, Phys. Rev. Lett. 95, 041802 (2005)
[arXiv:hep-ex/0502032℄.
[19℄ L. J. Hall, V. A. Kosteleky and S. Raby, Nul. Phys. B 267, 415 (1986).
[20℄ F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nul. Phys. B 477, 321
(1996) [arXiv:hep-ph/9604387℄.
[21℄ H. K. Dreiner, J. S. Kim, O. Lebedev and M. Thormeier, Supersymmetri Jarl-
skog invariants: The neutrino setor, arXiv:hep-ph/0703074.
[22℄ For nonSUSY models, see G. C. Brano, L. Lavoura and M. N. Rebelo, Phys.
Lett. B 180, 264 (1986); G. C. Brano and M. N. Rebelo, New J. Phys. 7, 86
(2005) [arXiv:hep-ph/0411196℄; Y. Farzan and A. Y. Smirnov, JHEP 0701, 059
(2007) [arXiv:hep-ph/0610337℄.
[23℄ J. R. Ellis, J. Hisano, S. Lola and M. Raidal, Nul. Phys. B 621, 208 (2002)
[arXiv:hep-ph/0109125℄.
[24℄ J. R. Ellis, J. Hisano, M. Raidal and Y. Shimizu, Phys. Lett. B 528, 86 (2002)
[arXiv:hep-ph/0111324℄.
[25℄ J. R. Ellis and M. Raidal, Nul. Phys. B 643, 229 (2002) [arXiv:hep-ph/0206174℄.
[26℄ I. Masina, Nul. Phys. B 671, 432 (2003) [arXiv:hep-ph/0304299℄; F. R. Joaquim,
I. Masina and A. Riotto, arXiv:hep-ph/0701270.
[27℄ Y. Farzan and M. E. Peskin, Phys. Rev. D 70, 095001 (2004)
[arXiv:hep-ph/0405214℄.
[28℄ S. Abel and O. Lebedev, JHEP 0601, 133 (2006) [arXiv:hep-ph/0508135℄;
K. A. Olive, M. Pospelov, A. Ritz and Y. Santoso, Phys. Rev. D 72,
075001 (2005) [arXiv:hep-ph/0506106℄; D. A. Demir, O. Lebedev, K. A. Olive,
M. Pospelov and A. Ritz, Nul. Phys. B 680, 339 (2004) [arXiv:hep-ph/0311314℄.
[29℄ P. F. Harrison, D. H. Perkins and W. G. Sott, Phys. Lett. B 530, 167 (2002)
[arXiv:hep-ph/0202074℄.
[30℄ S. Antush, J. Kersten, M. Lindner, M. Ratz and M. A. Shmidt, JHEP 0503,
024 (2005) [arXiv:hep-ph/0501272℄.
[31℄ Y. K. Semertzidis, Nul. Phys. Pro. Suppl. 131, 244 (2004)
[arXiv:hep-ex/0401016℄.
[32℄ M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).
[33℄ M. T. Eisele, arXiv:0706.0200 [hep-ph℄.
[34℄ W. Buhmuller, R. D. Peei and T. Yanagida, Ann. Rev. Nul. Part. Si. 55, 311
(2005) [arXiv:hep-ph/0502169℄; W. Buhmuller, P. Di Bari and M. Plumaher,
13
Annals Phys. 315, 305 (2005) [arXiv:hep-ph/0401240℄; S. F. King, Phys. Sripta
T121, 178 (2005) [arXiv:hep-ph/0411345℄.
[35℄ S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002) [arXiv:hep-ph/0202239℄.
[36℄ T. Asaka, K. Hamaguhi, M. Kawasaki and T. Yanagida, Phys. Lett. B 464, 12
(1999) [arXiv:hep-ph/9906366℄.
[37℄ W. Buhmuller, P. Di Bari and M. Plumaher, Nul. Phys. B 643, 367 (2002)
[arXiv:hep-ph/0205349℄.
[38℄ W. Buhmuller, P. Di Bari and M. Plumaher, in [34℄.
[39℄ M. Y. Khlopov and A. D. Linde, Phys. Lett. B 138, 265 (1984); J. R. Ellis,
J. E. Kim and D. V. Nanopoulos, Phys. Lett. B 145, 181 (1984); J. R. Ellis,
D. V. Nanopoulos and S. Sarkar, Nul. Phys. B 259, 175 (1985).
[40℄ W. Buhmuller, K. Hamaguhi, O. Lebedev and M. Ratz, Nul. Phys. B 699, 292
(2004) [arXiv:hep-th/0404168℄; JCAP 0501, 004 (2005) [arXiv:hep-th/0411109℄.
[41℄ W. Buhmuller, P. Di Bari and M. Plumaher, Nul. Phys. B 665, 445 (2003)
[arXiv:hep-ph/0302092℄.
[42℄ W. Fishler, G. F. Giudie, R. G. Leigh and S. Paban, Phys. Lett. B 258, 45
(1991).
[43℄ M. Fujii, K. Hamaguhi and T. Yanagida, Phys. Rev. D 65, 115012 (2002)
[arXiv:hep-ph/0202210℄.
14
